We present a quantum repeater architecture based on atomic ensembles, which is free of polarization and phase noise. With only simple optical elements, we can obtain the uncorrupted entanglement in the noisy channel. Even if the channel suffers from the general polarization and phase noise, the fidelity of transmitted qubits in our protocol can be stable and have no dependence on the noise parameter, which is a significant advantage compared with previous protocols. Moveover, we can even improve the fidelity by using time delayers. The proposed quantum repeater is feasible and useful in the long-distance quantum entanglement distribution and may be promising in other quantum-information applications. suggested a relatively simple realization of a quantum repeater (known as the DLCZ type), which utilized atomic ensembles as the quantum memories instead of using individual atoms. Since then, this attractive proposal has inspired a lot of scientific groups to study the atomic-ensemble-based quantum repeater and therefore various kinds of improved protocols have been proposed [3] [4] [5] [6] [7] [8] [9] [10] .
Introduction. The idea of quantum repeaters [1] is to distribute entanglement between remote locations through a network of short segmental nodes. In 2001, Duan et al. [2] suggested a relatively simple realization of a quantum repeater (known as the DLCZ type), which utilized atomic ensembles as the quantum memories instead of using individual atoms. Since then, this attractive proposal has inspired a lot of scientific groups to study the atomic-ensemble-based quantum repeater and therefore various kinds of improved protocols have been proposed [3] [4] [5] [6] [7] [8] [9] [10] .
To overcome the growth of created vacuum components and the growth of error due to multiple emissions in the original proposal, some groups have employed the Hong-OuMandel-type interference [11] and put forward two-photondetection-based schemes, instead of single-photon-detectionbased ones. With this improvement, the vacuum component remains constant after quantum swapping and the multiple emission error reduces from the quadratic relation with the number of links to the linear relation. However, due to the thermal fluctuation, vibration, and other imperfections of the fiber, there is always some polarization and phase noise on the transmitted photons. In order to address these noise issues, people have come up with several effective methods in recent years. Among them, Yin et al. [9] proposed a quantum repeater protocol free of polarization disturbance and phase noise. However, to implement the protocol, we need to use the specific Bell state | = 1/ √ 2(|H |V − |V |H ) which is invariant under collective noise. Later on, Gao et al. [10] presented another quantum repeater against polarization and phase instability while utilizing the time-bin pulses instead of the antisymmetric Bell state. Although it is robust and effective as shown in the paper, we found this protocol was not applicable to the general channel model. In other words, the success probability of quantum swapping in the protocol is dependent on specific parameters of the channel noise. So, to solve this problem and to improve the performance of the related quantum repeater scheme, we present here a general-noise-free quantum repeater architecture which is * yaqiong.xu@vanderbilt.edu flexible to implement by using atomic ensembles and some simple optical elements.
The paper is organized as follows: First of all, we discuss the entanglement generation step of our quantum repeater architecture in the first part of Sec. II. We demonstrate that, by utilizing time-bin pulses as well as the simple optical elements like half-wave plates, the effect of general polarization and phase noise from the channel can be successfully eliminated in theory. Then, we briefly discuss the entanglement connection step of our quantum repeater architecture, which basically takes advantage of local quantum swapping techniques. After that, we also talk about the potential experimental implementation of our protocol and the physical system we may choose. Finally, we conclude the paper in Sec. III.
Proposed quantum repeater architecture. The basic principle of the building block in our quantum repeater architecture is shown in Fig. 1 . A cold atomic ensemble is prepared at each node while the atoms are initialized in the ground state g 1 . Then, via the spontaneous Raman scattering process introduced by the write pulse, we can obtain two anti-Stokes Fields at ±3
• relative to the propagating direction of the write pulse. Collective atomic excitation states are formed at the same time, which would serve as the memory qubits. Suppose those two anti-Stokes fields are calibrated to have equal excitation probabilities and the same polarization (for example, the horizontal polarization). Now the atomic and photonic qubits are entangled and can be described as
is the corresponding creation operator of the photons with horizontal polarization, p is the small excitation probability, and |vac denotes the vacuum state. Since the probability of multiple excitations are much smaller than p 2 , we can write down the corresponding term as (p) and safely neglect it in the later process. The next step is to build the entanglement between two neighboring nodes in our quantum repeater architecture (see Fig. 2 ). After the two anti-Stocks photons have been successfully generated from the atomic ensembles, the beam splitter combines those two photons and we can get
where the subscripts s and l represent the short path and the long path (after the photons have been generated from the atomic ensembles), respectively. Since the components from the two outbound ports 1 and 2 can be converted to each other with a unitary operation, we can just discuss one of the two outcomes (for example, outcome from port 1). Notice that the optical path difference between the two anti-Stokes pulses is small in our setup; therefore, the time of flight difference is expected to be on the order of a few nanoseconds [12] . It is much less than the fluctuation time of the fiber, which means the influences of noise from the channel would be the same on the two successive pulses. As we consider the general channel model in our case, the noise influence can be written aŝ
where χ , ϕ, ξ , and θ are four independent and arbitrary noise parameters. It is worth mentioning that due to the asymmetry and imperfection of practical fibers, the noise effect from the general channel should be completely random instead of being considered as a unitary operation on the polarization state space [13] , which holds true in our case but may not be applicable in the previous protocols [10] . The reason why we can handle the general polarization and phase noise in our protocol is that we have elegantly employed two successive time-bins with the same polarization which suffer from the same noise influence. After the two successive time-bin pulses transmit to the middle of two neighboring nodes from port 1 through the channel, the quantum system state from each side (left or right) evolves aŝ
We denote the obtained state as |ϒ 1 . When the pulses pass through the beam splitter, the state transformation can be given by with the successful probability 1 2 , no matter what values of the noise parameters are taken. In fact, if we employ some time delayers here, we can even get the uncorrupted state from the component 4 , thus doubling the total efficiency. So, from what we have discussed above, we know that, due to the same polarization of the output photons from atomic ensembles and by adding several simple optical elements, our quantum repeater can easily avoid the general polarization and phase noise, which hasn't been addressed in the previous protocols.
After the recombination process of the two time-bin pulses from each side, by using two-photon interference and detection techniques, we can easily create the entanglement
) between the two neighboring nodes [7] . And when the entanglement generation step is done, we can use the local entanglement swapping technique for the remote entanglement connection. For example, if remote atomic ensemble A has been entangled with local ensemble B and local ensemble C has been entangled with remote ensemble D, then via entanglement swapping between B and C we can successfully entangle A and D together. In addition, by repeating the same procedure, we can distribute entanglement among any node in the network. Notice that, in this step, all the operations and actions are taken locally, which means the noise effect in this step can be neglected compared to the entanglement generation step. Therefore, we can say that our protocol can successfully reduce the general polarization and phase noise in the whole process.
For the experimental implementation of atomic-ensemblebased quantum repeaters, scientists have developed a related quantum memory system with an entanglement storage time of up to milliseconds [14] [15] [16] . So, as to the realization of our protocol, we can use the cold atomic ensemble consisting of 87 Rb atoms at 100 μK [17, 18] . We can take the hyperfine energy levels |5S 1/2 ,F = 2 and |5S 1/2 ,F = 1 as the ground states |g 1 and |g 2 , and we can take the energy level |5P 1/2 ,F = 2 as the excited state |e . The atoms are loaded by the magneto-optical traps (MOTs) and are first prepared in the ground state |g 1 . By illuminating the atom cloud with a single weak 75-ns beam which has a waist of 240 μm and 10 MHz red-detuned to |g 1 →|e , we can complete the write process. Two anti-Stokes fields, corresponding to the |e →|g 2 transition (Laguerre-Gauss mode LG 00 , 70-μm waist), can be collected. For the read process, we can employ the relatively strong 75-ns beam counterpropagating to the write pulse and two Stokes fields can be obtained. After that, with only simple optical elements, namely, polarized and unpolarized beam splitters as well as half-wave plates, we can fully implement our protocol.
Conclusion. In conclusion, we have shown an atomicensemble-based quantum repeater which can effectively reduce the influence of channel noise on transmitted photons. Compared with previous error-free quantum repeater protocols, our method doesn't need any complicated calibration, nor does it use ancillary qubits or specific entangled states. With only several beam splitters and half-wave plates adding to the choosen physical system, we can easily achieve the goal of passive error correction. Besides, due to the same polarization and the small propagating path distance of two successive photons from the atomic ensemble system, our method can deal with the general polarization and phase noise, which is a significant advance compared to the previous protocols. Moreover, the fidelity can still be constant and even be improved by time delayers. Therefore, our protocol is practical and useful in a variety of long-distance quantum-information applications within today's technology.
